To introduce a novel approach for the time-dependent quantification of risk factors for prostate cancer (PCa) detection after an initial negative biopsy.
INTRODUCTION
Because of an early detection marker, prostate-specific antigen (PSA), that is measured in serum and the lack of any practical means for imaging lesions, prostate cancer (PCa) is the only solid tumor that is routinely detected by indirect tissue sampling (ie, without visualization of a clear-cut suspicious lesion). Seventy to 80% of the approximately 1.2 million patients who undergo prostate biopsy each year in the United States receive negative results (ie, no cancer) but cannot be completely reassured because a cancer may have been missed by sampling error. Twelve biopsy cores from an 18-gauge needle allow histologic examination of only approximately 0.04% of a prostate with a fairly typical volume. 1 Many patients undergo repeat biopsies because clinicians do not have a clear basis for stratifying individuals who need intensive follow-up and those who do not.
Previous studies have investigated how specific clinical or histologic variables are associated with detection of PCa on subsequent biopsies. [1] [2] [3] [4] [5] [6] [7] [8] Here, we use longitudinal data from a large cohort to present a new approach to modeling risk of PCa after a negative biopsy. This method uses the piecewise exponential model, which is similar to the Cox regression model for survival analysis in that it enables consideration of time-dependent covariates (ie, risk factors that vary over time) and it can be modified to allow the hazard ratio (HR) for a risk factor to vary with time. However, unlike the standard Cox model, the piecewise model canprovideestimatesoftheactualprobabilityofcancer detection over time for subsets of patients with specific patterns of change in the risk factors. This ability to estimate the probability of cancer detection with timevarying risk profiles inherently resembles how cliniciansmakedecisionsasapatient'seventhistoryunfolds over time.
Herein, we present estimates of the independent association of routinely available data elements to risk of PCa detection and illustrate how this approach identifies subsets of patients with widely divergent needs for follow-up. The results show that many men with common event histories have a low cumulative risk of PCa detection up to 5 years after a negative biopsy, and thus, clinicians can help these patients by avoiding the cost and psychological distress of unnecessary biopsies.
PATIENTS AND METHODS
All participants were volunteers in a community-based PCa screening study described previously.
9-11 We obtained serum from 24,893 men older than age 40 years who were enrolled and observed between May 1991 and November 2001. Transrectal ultrasound-guided biopsy was recommended for elevated PSA values or suspicious digital rectal examination (DRE); men with abnormal PSA or DRE were re-examined in 6 months, whereas men with normal results returned in 1 year. In May 1995, the threshold PSA level for biopsy changed from 4.0 to 2.5 ng/mL, and the minimum number of cores per biopsy increased from four to six cores (mean cores in a representative subset, 8.9 cores). Data on the exact number of cores were not available. Study protocols were approved by the Human Subjects Committee at Washington University, St Louis, MO, and all participants provided informed consent.
The study population for the current analysis includes 1,871 men (5,421 repeat biopsies) whose first biopsy was negative and who had at least one repeat biopsy. This article focuses on models for time to biopsy-confirmed PCa, which are right censored on date of the last negative biopsy for patients without PCa. A piecewise exponential model with time-dependent covariates was fit to the data with the following covariates: age, race, urinary symptoms, ultrasound prostate volume, PSA, PSA slope, an indicator variable for the change in 1995 in PSA threshold for biopsy and number of needle cores per biopsy, time from study entry to first repeat biopsy, number of repeat biopsies, atypical glands or high-grade prostatic intraepithelial neoplasia (HGPIN), chronic prostatitis reported on biopsy, and DRE result. To avoid problems with nonlinearity, most models broke continuous variables, such as serum PSA and gland volume, into ordinal categories. We used PSA cutoff values conventionally used in clinical practice and gland volume cutoff values that roughly divided the population by quartiles. To evaluate possible selection bias, we fit additional models that included participants who did not undergo a repeat biopsy after an initial negative one. These models, in which participants were censored on the date of their last study visit, gave similar results (Appendix, online only).
For analyses presented here, PSA slope was calculated as a timedependent covariate based on a linear regression of PSA values over a period extending 36 months before a participant's current visit. Atypical glands were defined as cytomorphologic abnormalities in the prostatic epithelium that did not meet strict criteria for HGPIN or PCa. Atypical glands and HGPIN were grouped in final analyses because agreement between pathologists regarding these entities was questionable during the study period and thus misclassification could be substantial. Patients considered positive for urinary symptoms reported at least one of the following: frequency, urgency, or reduced stream. In the final models, some variables (urinary symptoms, suspicious DRE, prostatitis, or HGPIN/atypical glands) are treated as absorbing features, meaning their value remains constant throughout follow-up once they occur. These variables reflect conditions that are presumably long lasting or permanent; however, they may not be detected on subsequent visits and thus may be misclassified if treated as time dependent.
The piecewise exponential model, easily implemented using existing software, incorporates covariates into an actuarial life-table approach to survival analysis in the same way that the Cox model incorporates covariates into a Kaplan-Meier approach. Both methods have been shown to yield nearly equivalent results.
12 Under a piecewise model, follow-up time is partitioned into discrete nonoverlapping intervals within which the event rate is assumed to be constant but allowed to vary across intervals. To achieve optimal efficiency, we partitioned time into nine nonoverlapping intervals having roughly Abbreviations: PSA, prostate-specific antigen; HGPIN, high-grade prostatic intraepithelial neoplasia; SD, standard deviation; TRUS, transrectal ultrasound.
‫ء‬
Baseline was defined as the date of the initial negative prostate biopsy. †Atypical glands refer to glands with an intact basement membrane that are variable in size or shape with little or no interposed stroma between them. The lining of these glands, unlike the normal two-cell layered epithelium containing basal and luminal cells, may contain either a single layer of cells with prominent, eosinophilic nuclei or a proliferative glandular epithelium with papillae, sometimes progressing to a cribriform pattern. Often, they contain many but not all the features characteristic of carcinoma or are too small to justify a definitive diagnosis of cancer.
‡Urinary symptoms were defined as frequency, urgency, or reduced stream. §Note that the analyses were restricted to patients who had at least one repeat biopsy. Eight hundred thirty-five patients (44.6%) had more than one repeat biopsy.
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RESULTS
Selected features of the study population are listed in Table 1 . The mean number of biopsies (sessions, not cores) performed per patient, including the initial biopsy, was 2.9. Analysis of bivariate relationships between cancer detection and key predictors at successive biopsies (Appendix Table A1 , online only) revealed that the percentage of positive biopsies decreased only slightly from the second to the fifth biopsy and beyond, illustrating how strongly bivariate results are confounded by differences in the risk profile of the population as the biopsy number increases. In a previous analysis, we reported that the Gleason grade did not vary significantly according to the number of biopsies performed.
14 HRs and 95% CIs from a multivariable piecewise exponential model are listed in Table 2 and shown in Figure 1 . In the first 3 months after an initial negative biopsy, the cancer detection rate among baseline control participants (whose covariates have HR ϭ 1.00) was 1.08 events per 100 person-years at risk. This baseline rate increased by two-fold over the next 4 years and then increased significantly again to approximately four events per 100 person-years during the fifth year (HR ϭ 3.78). Age, suspicious DRE, HGPIN/atypical glands, and time-dependent serum PSA were positively and significantly associated with risk. PSA slope was not associated with risk unless timedependent PSA was removed from the model; PSA slope was also significant when baseline PSA was included in the model. Prostatitis on biopsy, the number of negative biopsies, and gland volume more than 35 mL all were inversely associated with PCa detection. There were strong linear trends for decreasing risk at successively larger gland volumes. An inverse association for the presence of urinary symptoms approached statistical significance (P ϭ .07). Note that changes in the study protocol in 1995 had no independent effect on risk of PCa detection.
Controlling for all other risk factors, there was a sharp decline in risk after the first repeat biopsy and a strong downward trend with successive negative biopsies. The rate of cancer detection was significantly lower (by 37%) among men who had a second repeat negative biopsy compared with men who had only one biopsy over the same course of follow-up. After a third repeat biopsy, the relative hazard was reduced by 88% compared with men with no repeat negative biopsies and by 79% compared with men with one repeat biopsy. These results suggest that additional biopsies after a second negative biopsy are usually not beneficial, assuming that other time-varying risk factors remain constant.
Figures 2 to 4 depict cumulative incidence curves illustrating the effects of various event histories on PCa detection. Certain combinations of risk factors produce dramatic contrasts in cancer risk. We compiled features into arbitrary high-and low-risk histories based on initial PSA, PSA increase, HGPIN, gland volume, and prostatitis. The high-and low-risk groups in Figure 4 have 5-year cumulative risks of greater than 95% and less than 5%, respectively. Abbreviations: PSA, prostate-specific antigen; DRE, digital rectal examination; PCa, prostate cancer; HGPIN, high-grade prostatic intraepithelial neoplasia; TRUS, transrectal ultrasound.
‫ء‬
These variables are absorbing; once they occur, the patient remains positive for that factor throughout the remainder of follow-up.
†In May 1995, the minimum number of biopsy cores increased from four to six cores, and PSA threshold for initial biopsy decreased from 4.0 to 2.5 ng/mL.
DISCUSSION
False-positive results are an inevitable consequence of current practices for screening and early detection of PCa. For men who have a negative prostate biopsy, the identification of risk factors for subsequent detection of cancer and the quantification of actual risk remain significant concerns. In this report, we demonstrated that piecewise exponential modeling, a statistical approach not previously applied to this problem, can estimate the probability of cancer detection for subgroups of men whose risk factor patterns vary in specific ways as time elapses after a negative biopsy. Several factors considered in previous studies, including age, elevated total PSA, suspicious DRE, smaller gland volume, presence of HGPIN or atypical features on biopsy, and number of previous biopsies, were all independently associated with risk. Moreover, two simple variables rarely considered in earlier analyses-presence of urinary symptoms and histologic evidence of prostatitis-were independent, negative risk factors.
These models can identify patient subgroups with unusually high or low risk after a negative biopsy. To illustrate, a 55-year-old man with a large gland, stable PSA less than 4 ng/mL, evidence of prostatitis, and two additional negative biopsies has a predicted 5-year risk of approximately 4%, more than 20 times lower than a similar-age man with a small gland, increasing PSA, and atypical biopsy findings. In fact, the former patient's absolute risk is comparable to that of a man randomly selected from the US general population; based on Surveillance, Epidemiology, and End Results data for 2001 to 2005, the 5-year cumulative incidence for a man (white) age 55 years is approximately 2%. Therefore, common event histories can have sufficiently high negative predictive value to discourage close patient follow-up or additional biopsies. Although PCa detection decreased substantially after the initial negative biopsy, there were participants whose event histories indicated an uncomfortably high risk after two negative biopsies. The crude probability of detecting PCa on successive biopsies is a function of opposing forces-the culling out of larger tumors on earlier biopsies, which decreases subsequent yield, and the tendency for patients who receive more biopsies to have stronger risk factors and a longer time for tumors to grow, which pushes yield upward. Although this report focuses on identification of risk factors and presentation of the method, ongoing analyses are quantifying the accuracy of these models in predicting outcomes for individual patients.
Serum PSA level, updated over time, was one of the strongest predictors of PCa on repeat biopsy, with a 14-fold risk difference between patients with PSA less than 2.5 ng/mL versus more than 10 ng/mL. In agreement with others, we found that the association of PSA velocity with risk virtually disappeared when updated PSA was included in the model. 7 HGPIN was another strong predictor, in contrast to recent reports that cancer prevalence on repeat biopsy was only marginally greater among men with HGPIN versus men with completely benign findings. 15, 16 The prognostic significance of isolated HGPIN may have declined as a result of more intensive biopsy sampling schemes and the tendency for repeated PSA testing to cull out larger tumors in screened populations. However, other recent studies using multivariable adjustment techniques identified HGPIN as a risk factor for PCa on repeat biopsy, leading us to speculate that this association may be obscured by confounding in some cohorts. 7, 8, 17 Indeed, our unadjusted results show only a slightly increased cancer prevalence at the second biopsy among men with HGPIN/atypical glands at initial biopsy (Appendix Table A1 ). The term atypical glands encompasses a range of cytomorphologic lesions that lie below the threshold for a cancer diagnosis as a result of their small size or lack of a basement membrane. This categorization preceded the designation of atypical small acinar proliferation, which may be more strongly associated with cancer on subsequent biopsy. 18 In fact, the HRs for HGPIN and atypical glands were similar in our data, and thus, we combined them. Carver et al 17 reported a lower HR for atypical small acinar proliferation compared with HGPIN, suggesting that the former category as used by most pathologists is probably itself rather heterogeneous.
A reduction in cancer detection is expected when randomly sampling a larger volume gland; however, given the imprecision of the ultrasound measurements, the influence of gland volume (a 61% difference in risk between extreme quartiles) was surprisingly strong. Previous investigators reported higher PSA density (PSA divided by gland volume) as a risk factor on repeat biopsy; however, considering PSA and volume separately allows ascertainment of their independent effects. 6, 19 Although PSA density based on transition zone volume might better reflect benign prostatic hyperplasia as a cause for PSA elevation, 4 ,20 transition zone and total volume are highly correlated, and there are problems with accurately measuring transition zone volume in everyday practice. However, the presence of urinary voiding symptoms has rarely been considered as having predictive value. A recent cross-sectional study on initial biopsy results observed a strong inverse association between the American Urological Association Symptom Score and odds of PCa detection. 21 Our results indicate that even a crude measure of symptoms can identify men whose PSA elevations are more likely a result of benign prostatic hyperplasia than cancer. Hazard Ratio 2.00 4.00 10.00 100.00
Fig 1.
Hazard ratios and 95% CIs for risk of prostate cancer after an initial negative biopsy-right-censored model (n ϭ 1,871). (*) Number of months from first study visit to initial biopsy (baseline date for this analysis). ( †) Binary variable to indicate change in May 1995 in minimum number of biopsy cores (four to six cores) and prostate-specific antigen (PSA) threshold for biopsy (4.0 to 2.5 ng/mL). DRE, digital rectal examination; CA, cancer; HGPIN, high-grade prostatic intraepithelial neoplasia; TRUS, transrectal ultrasound.
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Few studies have considered prostatitis, another alternate explanation for PSA elevation, although a recent small study reported that inflammation approached statistical significance as a negative predictor. 22 This does not contradict the hypothesis that inflammation is important in the early development of PCa. 23 Chronic prostatic inflammation is often diffuse, heterogeneously distributed, or quite subtle when viewed with conventional stains; hence, biopsies recorded as showing inflammation may have been especially pronounced. Moreover, the etiologic effect of inflammation on cancer development may precede the initial biopsy by decades. A PSA decrease after antibiotic therapy has been observed, although PSA was not associated with inflammatory findings on negative biopsies in one study. 24, 25 Nevertheless, more accurate methods for reporting inflammation on prostate biopsies could yield important information regarding both short-term and long-term cancer risk.
To our knowledge, this is the largest prospective analysis of repeat prostate biopsy to date, and the number of factors found to be independently associated with PCa detection (nine factors) is noteworthy. This suggests how complex it is for physicians to estimate risk during patient counseling, particularly as the risk profile changes over time. Logistic regression, the most common modeling approach in previous studies, is limited because it ignores variation in the time to cancer detection and is unable to account for changes in risk factors over time. Logistic regression can also lead to confusing results if it is not clear whether the outcome refers to cancer on a particular (eg, first repeat) biopsy or over a series of biopsies. For example, a previous study from our data set reported that the number of biopsies was positively associated with ultimate PCa status, which makes sense because each biopsy increases the likelihood of finding cancer.
26 Machine learning techniques (eg, artificial neural networks) are free of modeling assumptions and are more capable of uncovering complex interactions between variables; however, they have other disadvantages and do not provide better results for this particular problem than equation-based methods. 6, 27, 28 The approach most similar to ours is Cox regression with time-dependent covariates, which, to our knowledge, has been used in only two previous studies. 7, 17 Apart from its substantial statistical power, this analysis benefited from a relatively uniform evaluation protocol in an academic setting and a high degree of continuity and compliance. In this sense, the study represents a proof-of-concept setting for discovering relationships between risk factors and PCa detection; generalizability of our Table 2 . Note the small effect of age and DRE relative to PSA and gland volume and that for men with persistent PSA of 7 to 10 ng/mL, risk remains elevated after several negative biopsies.
results to community practice populations remains to be determined. We were unable to include some potentially interesting factors such as serum free PSA and family history because of excessive missing data. However, family history was a relatively weak risk factor in studies of either initial or repeat biopsies. 7, 21 We were also unable to include some biopsy details, such as the exact number of cores or number of cores containing HGPIN. 29 The great majority of study participants were white, and thus, we were unable to determine how results might differ in nonwhite men. Finally, our results focus on detection of all PCa; however, it is also important to focus on cancers that are most likely to be aggressive. Ongoing work addresses this, as well as the validation of clinical prediction models and the incorporation of molecular markers as risk indicators in histologically benign tissue. [30] [31] [32] Welch et al 33 reported that 44% of men age 65 to 70 years with an initial negative prostate biopsy undergo a repeat biopsy within 5 years, a percentage that is undoubtedly higher for younger men. Thus, the number of repeat biopsies performed in the United States and the associated costs, in both financial and emotional terms, are formidable. Approaches based on one or two risk factors may reduce biopsies at the expense of failure to detect some patients with cancer whose outcomes could have been altered by early intervention. A more detailed understanding of PCa risk after a negative biopsy, based on the preceding history of each individual patient, holds the most promise for reducing negative biopsies while maintaining adequate sensitivity. At least part of the consistent decline in PCa mortality over the last dozen years is attributable to earlier detection and treatment; however, sustaining or expanding that benefit at a lower cost remains a major priority for research. 34 See the Appendix for additional discussion. Cumulative incidence curves for prostate cancer detection among men less than age 55 years with prostate-specific antigen (PSA) of 4 to 7 ng/mL at baseline. Each graph includes a basic event history curve shown with a blue line and alternative histories shown with gold and gray lines. All covariates not mentioned are set to reference levels as in Table 2 . High-grade prostatic intraepithelial neoplasia (HGPIN)/atypical glands on initial biopsy increases cumulative risk by approximately 40% at 4 years. A PSA increase at 12 months adds a small amount of additional risk; however, absolute risk is already asymptotically approaching 100%. Cumulative incidence curves for prostate cancer detection among men age 55 to 60 years with high-or low-risk event histories. High risk is defined as gland volume less than 25 mL, prostate-specific antigen (PSA) increasing from 4 to 7 ng/mL to more than 10 ng/mL at 12 months, and high-grade prostatic intraepithelial neoplasia/atypical glands at baseline. Low risk is defined as gland volume more than 50 mL, PSA of 2.5 to 4 ng/mL and steady, prostatitis on initial biopsy, and negative biopsies at 6 and 12 months. 
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